Abstract-Due to the existing frequency-selectivity in PLC channels, data transmission over long distance can exhibit serious difficulties in PLC systems. In order to reduce the attenuation effect for long transmission distances between two nodes (a transmitter and a receiver), we use a relay in PLC systems. Many considerations are taken into account in this system such as the variation of the distances between the transmitter and the relay and between the relay and the receiver. We highlight in this paper how the use of network coding makes it possible to increase the transmitted data rate in an OFDMA based MAC layer. In order to maximize the total data rate, we propose low-complexity subcarrier assignment algorithms for the uplink and downlink of OFDMA based PLC networks. Simulation results are given to support our claims and highlight the performance gain that can be obtained for PLC systems in terms in enhancement of the transmission rate.
I. INTRODUCTION
The scientific community is getting more and more interested in PowerLine Communication (PLC) since the demand for services on these networks is ever growing due to their advantages such as supporting high data rate, easy connection between devices and their low-cost of deployment compared to wireless technologies. The important progress in signal processing for communication, particularly in the field of multicarrier modulation techniques with OFDM (Orthogonal Frequency Division Multiplexing), makes it possible to use the powerline networks for the development of domestic networks and the routing of high-speed data. One of the great advantages of multicarrier modulation is the possibility to adapt the transmission capacity in each subcarrier frequency band to the channel propagation characteristics. This technique is well suited to the PLC channel since this is a fading channel whose characteristics vary considerably with the distance between the transmitter and the receiver and with the frequency [1] , [2] . Some well know algorithms such as water filling have been used to optimize the rate of such channel. However, this supposes that the transmitter has knowledge of the Channel State Information (CSI).
Concerning the MAC (Medium Access Control) layer, based on the classical Orthogonal Frequency Division Multiplexing Access (OFDMA) technique has been developed to maximize the availability ratio of the PLC links. In fact, it has been demonstrated in [3] that an OFDMA based MAC layer in PLC systems is more efficient in terms of offered data rate than a conventional Time Division Multiple Access (TDMA) scheme.
At the same time and in order to improve the capacity of powerline communications, some studies have investigated the use of relays [4] , [5] . Recently, network coding has been introduced mainly for wireless networks to increase the transmitted data rate, reduce the total system power and optimize spectral efficiency [6] , [7] . The improvement of network coding is due to the fact that the relay not only forwards but also mixes the incoming streams using XOR operations and thus save precious bandwidth and time-slots.
With reference to Fig.3 that illustrates the unfolding of the network coding in OFDMA related to PLC systems : Fist, nodes A and B send their data (a and b) using separate subcarriers to the relay node R. Then, R broadcasts on the downlink using a shared set of subcarriers the XORed version c = a ⊕ b of information packets. At the receiver side, both nodes A and B can recover packets b and a from c by XORing the c packet with their own packets a and b, respectively. We believe that network coding may be a good solution for PLC communication systems provided that sufficient diversity in the data routing is always available. This last condition may be severe for a lot of situations and it may be necessary in some cases to add wireless communications between nodes to offer the needed diversity [8] .
Our contribution in this paper is three-fold. First, we propose adaptative subcarrier allocation algorithms for studied topologies and which take into consideration that PLC channels attenuation is linearly decreasing with frequency and distance. Secondly, we consider the use of network coding in the context of a PLC network. We give a complete study of the potential rate that we can expect with the use of network coding together with an OFDMA MAC layer. We show how the use of network coding makes it possible to increase achievable rate in an OFDMA based MAC layer for a targeted Symbol Error Rate (SER). To improve the total transmit data rate, we use a reduced-complexity algorithm [3] dedicated to allocate the modulation orders to the subcarriers with the constraint of a given Binary Error Rate (BER). Thirdly, we consider the case where we vary distances between the transmitter and the relay and between the relay and the receiver. We show that the ideal case is to locate the relay in the middle of the transmitter and receiver.
The rest of the paper is organized as follows. In section II, we describe the system model and we put particular emphasis on the PLC channel model. In section III, we present the investigated algorithm for the subcarrier modulation orders in the context of network coding. We provided in Section IV the obtained simulation results. Finally, in Section V we give the conclusions of our work and their perspectives.
II. PLC SYSTEM MODEL
The emitted waves are subject to various phenomena when propagating through the transmission channel. With regard to PLC communications, powerlines, which represent the physical medium of transmission, introduce attenuation and phase shift, depending on distance and frequency, and on the reflections at different points of discontinuity in the network [1] .
In our work, we have used the theory of transmission lines, an approach which is widely exploited in the literature. Note that the first studies are those of Zimmermann [1] and Philipps [2] which represent the most widely cited references regarding the modeling of the PLC channel.
We can characterize the attenuation by applying the theory of transmission lines to a section of line without derivation or splice. We consider a transmission line of length d, as it is depicted on Fig.1 . The frequency response, H(f ), of the considered portion depends on the propagation constant 
δ(f ) and the voltage on the powerline (denoted
. The measures have made it possible to provide an approximate form of δ(f ) involving empirical parameters: a 0 , a 1 and k [1] . According to this model, the transfer function of the single-path PLC channel is expressed as:
where e −(a0+a1f k ) refers to the overall attenuation and e −j2πf τ represents the delay of the wave and τ denotes the propagation time and is measured by dividing the length of the considered path by the speed of the wave v p in the powerline where [1] . These results are special cases among the multitude of attenuation profiles which depend on the line topology. We can notice from the results, the strong frequency dependency of the attenuation. In the same way, we can see the strong attenuation occurs at long transmission distances. We can easily understand from these curves the difficulty to propose high rate services on powerlines systems with powerlines of several hundred meters. Therefore, we propose subcarrier assignment algorithms for the uplink and downlink transmissions in order to increase the transmitted data rate.
III. ADAPTIVE MODULATION
In OFDMA, the bandwidth is divided into multiple orthogonal frequency bands called subcarriers. Each node of the considered network allocates a number of subcarriers. To optimize the overall potential capacity and power of a multicarrier system, it is possible to allocate different number of bits and powers to each of the subcarriers of the spectrum. Many research work has concentrated on the subcarrier assignment and resource such as bit and power allocation schemes, aiming at maximizing the rate or minimizing the transmission power of network.
The transmit power of PLC is restricted by electromagnetic compatibility (EMC) regulations, therefore, in this paper, our goal is clearly to maximize the overall transmitted data rate for a fixed transmit power.
A. Achievable throughput
In this subsection, we express the achievable throughput associated with the OFDM waveform by calculating the number of bits loaded on each subcarrier (modulation level). The SNR gap Γ is introduced to reflect the used QAM modulation [9] . Let k denote the subcarrier index, where k = 1, ..., N . Denoting by R k the rate reached on subcarrier k, we obtain:
This expression defines the function that we use for further optimizations. Concerning the power constraint, we take into account the PSD limitations imposed by the standards and this results in: P k ≤P k , whereP k , is the maximum allowed power level on the subcarrier k. Consequently with the knowledge of the channel response and the SNR gap of the used modulation order, we can precisely determine the quantity of information in bits/symbole which we can transmit on the considered channel with fixed power transmission P k .
B. Throughput maximization
We will begin by discussing the case of throughput maximization. The associated optimization problem is written as:
Clearly, the throughput is maximized by judiciously allocating the available power P k on the different subcarriers of the spectrum. We note that no bits distribution policies are used here, since individual rate transmitted on each subcarrier are linked clearly to the power distribution. In this case, the solution for this maximization problem is obvious since it appears that allocating the maximum allowed power on each subcarrier is clearly the best solution. Power and throughput allocation policies are thus written as follows:
The calculated rate are in fact simply being rounded to obtain compatible values with the implementation of the QAM modulation. Therefore, the power allocation policy simply consists in providing to each subcarrier the amount of power needed to transmit the new rate calculated within the proposed target error rate system.
C. Adaptive Sub-Carrier Allocation Algorithms
We assume a perfect CSI at each link. Thus, the distributed or centralized procedure is used at every node to select the subcarriers. Then the transmitted bits on the selected subcarriers depending on the channel power gains. In this paragraph, we propose a low-complexity subcarrier allocation algorithms for the studied topologies therefore we can calculate the transmitted data rate. For the first topology, both node A and B exchange packets a and b through two links. So we divided the bandwidth into two sets of subcarriers which implies that the subcarriers are assigned one by one to the nodes A and B as it is described in algorithm 1. When we add a relay node, the bandwidth is divided into four sets of Algorithm 1:
subcarriers carrying the data a and b, two are dedicated to uplink transmission and the last to the downlink. Algorithm 2 shows proposed and adaptive subcarrier allocation algorithm, we assigned the first subcarriers to the downlinks (R → A and R → B) then to uplinks (A → R and B → R). When the relay performs a network coding, we have to divide the bandwidth into three sets of subcarriers carrying the data a, b and a ⊕ b. First, we assigned subcarrier to the downlink Algorithm 2:
(R → A and R → B) which share the same subcarrier then to uplink (A → R and B → R). We will discuss in the next section the effect of varying the distance between relay
and two nodes A and B. For this, we implemented Algorithm 4 and Algorithm 5 for when the relay forwards and XORs, respectively, incoming packets a and b for different distances between the relay and the nodes A and B.
Algorithm 4:
D. Throughput maximization under BER and SER constraints
In our synthesis, we need to quantify the value of Γ expressing the efficiency of the transmission scheme relating to QAM. This value can be determined from the error rate, i.e. symbol or bit error probability (P es or P eb ).
1) Under the SER constraint:
According to the classical analysis of the SNR gap Γ in [9] , we can approximate its value as:
where Q −1 is the inverse of Q function defined as Q(a) =
2 dx. Note that this relationship doesnt take into account the number of bits of the QAM constellations. Therefore Γ has a constant value for all levels of uncoded QAM for a target P es .
2) Under the BER constraint:
Most optimization algorithms process with a classical power constraint, i.e. the symbol error rate level to quantify the link qualities. However, the data symbols in the lower layers, such as in the MAC layer or the physical layer may be different from the symbols used in the upper layers, so it is better to work with bit error rate constraint than symbol error rate. Thus, we analyze the problem of resource allocation under the constraint of a crest BER. In other words, the target BER is fixed for each subcarrier and we have to check that the BER for each subcarrier will be less than or equal to the fixed target BER. By contrast, for a bit error probability P eb , using the fact that P es = rP eb and the SNR gap is equal to:
As Γ depends on r, the resource allocation policies are then modified to reflect the variations of Γ.
Several algorithms of resource allocation for maximizing throughput under the constraint of BER has been proposed in the literature [10] , [11] but most of these algorithms are iterative which results in high time consuming procedures. In this paper, we use a simple and efficient algorithm presented in [3] . A lookup table is used, in this algorithm, to store for each permissible modulation order r i , the amplitudes of the channel neededH(r i ) to ensure the target BER. Subsequently, we seek for each H k ,H(r i ) ≤ H k <H(r i+1 ) then r k = r i .
IV. NETWORK MODEL
In [6] , the authors presented an algorithm for adaptive resource allocation to minimize the total transmit power. To achieve this goal, the authors considered the OFDMA technique in the presence of three-nodes in the wireless network. The links were divided into three independent OFDM links and on each link, an algorithm for adaptive resource allocation was applied. As network coding provides several advantages [12] , authors in [6] proposed a transmission scheme model using a relay applying a network coding on packets received from two nodes to achieve the maximum rate [13] , [14] .
In this paper, we compare the performance of three topologies (see Fig.3 ). In the first scheme, the two nodes communicate via direct links (DL) where the bandwidth is divided into two sets of subcarriers (uplink and downlink) to carry messages a and b.
For the second diagram, we added a relay node to listen to the information messages sent from both nodes A and B and then retransmit the information messages (RI-R) to B and A. In this scheme the bandwidth is divided into 4 sets of subcarriers: 2 for the uplink and 2 sets for the downlink. In the last scheme, we applied the network coding at the relay node (NC-R), that will listen to messages a and b which are carried by two sets of subcarriers, from A and B and retransmits a⊕b by using one set of subcarriers. At reception of packet, both nodes A and B can recover packets b and a from a ⊕ b by XOR-ing it with their own packets a and b, respectively.
The total rate of system is the sum of the achievable rate on the uplinks and downlinks. We denote the frequency response of the users A and B for uplink communications by H A and H B . Since the message a ⊕ b is sent to two nodes on the same set of subcarriers, we calculate the gain of the downlink subcarriers in the following way: 
V. PERFORMANCE ANALYSIS
The results of the proposed optimization techniques are carried out using MATLAB in order to prove the benefits of using the relay and network coding in the PLC network. The main results are in term of the total rate (bits/s) reached in different topologies under the constraint of BER and SER. The simulations parameters are given in table 1. 
A. Using a Relay
To reduce the attenuation effect, Cheng [5] has shown that the use of an intermediate relay can dramatically increase system capacity. Fig.4 illustrated the performance in terms of transmission rate for the three different schemes illustrated in Fig.3 . We note that the use of a relay increase the transmission rate especially for low SER values. Also we note that the use of network coding NC-R increases dramatically the rate compared to DL and RI-R.
B. Distance variation effect
PLC channels are characterized by a high attenuation factor which drastically increases with the distance between nodes, especially for high frequencies. Consequently, it is interesting to study the case where distances between relays and transmitters can vary. We consider two possible cases. For the first case, we place a relay node in the middle, i.e. the distance between A and R is the same as the distance between B and R, such that
In the second case, we have d 1 = 100m, d 2 = 200m and d = 300m. According to Fig.5 , we note that the optimal case, for the three topologies studied, is obtained when the relay node is positioned in the middle for the topologies of Fig.3 . 
C. Comparison between BER and SER criterion
We note from the Fig.6 hat the use of a crest BER constraint yields to better results for the rate of system than the standard SER for OFDM systems.
VI. CONCLUSION
In this paper, we studied the performance in terms of transmission rate of different topologies for PLC systems. We noticed that the use of an intermediate relay between two nodes that are communicating, can drastically increase the transmission rate. We evaluated the performance gain of using network coding and OFDMA based MAC layer in PLC networks. When the distances between this relay and the two nodes are made to vary, we notice that the location of the relay that leads to best performance (in terms of transmission rate) is the one situated at equidistance from the two nodes. As a perspective of our work, we are envisaging to jointly combine the network coding and OFDMA based MAC layer that were presented in this paper with a channel encoding in order to further increase the PLC system transmission rate.
